C
opper is an essential element for all living organisms, where it constitutes the prosthetic, active group of many proteins and enzymes (1) . Copper is also very toxic in the free form because of its ability to produce radicals by cycling between oxidized Cu(II) and reduced Cu(I). Therefore, intracellular copper should be always kept complexed, within a tightly controlled copper homeostatic system (2, 3) . An excess of copper is toxic particularly for lower organisms, such as bacteria and fungi, and indeed copper compounds are extensively used in agriculture to control plant pathogens. Some organisms, however, develop resistance on exposure to high copper levels (4) (5) (6) .
Copper-resistant strains of Pseudomonas syringae pathovar (pv.) tomato are characterized by a 35-kb plasmid pPT23D (7) . The plasmid was first isolated in Californian tomato fields exposed to high levels of copper compounds (7) and contains an operon (cop) encoding four proteins, CopABCD, acting under the control of a copper inducible promoter requiring the regulatory genes CopR and CopS, coded immediately downstream of CopD (8) . This plasmid is able to confer copper resistance to the host strains of Gram-negative bacteria and protects the cells by sequestering the excess of copper in the periplasm and in the outer membrane (4); however, the molecular mechanisms of this process are not known.
The sequences of 18 proteins highly similar to CopC are known (9) . In Gram-negative bacteria, such as P. syringae, CopC is a soluble protein of Ϸ100 amino acids and is located in the periplasm. Homologous proteins have been also found in Grampositive bacteria. The structure of apoCopC from P. syringae has been solved by NMR (9) . It shows a Greek key ␤-barrel similar to that of blue-copper proteins. The protein binds one Cu(II) ion (9) at the N-terminal end of the barrel, in a region encompassing some loops connecting various ␤-strands. The position of this Cu(II) site is similar to that of the redox site in cupredoxins although copper is of type II in this Cu(II)-CopC (9) and in a homologous protein (10, 11) . CopC also shows a region containing four Met residues arranged as [M(X) n M] m motif, which is found in other proteins involved in copper homeostasis, like the copper transport permeases responsible for copper transport inside eukaryotic cells (12) . Recently, the Met-rich motifs of these high-affinity copper transporters have been shown to be essential for copper uptake in yeast and humans (13) .
To understand the copper binding properties of CopC, we have carried out NMR and extended x-ray absorption fine structure (EXAFS) studies on both the oxidized and reduced Culoaded proteins. Our results indicate a redox-induced reversible metal transfer between two regions of the protein far apart and with very different coordination environments. The relevance of this peculiar process is discussed within the frame of a genomewide analysis of possible pathways for copper trafficking.
Materials and Methods
Protein and NMR Sample Preparation. CopC was over-expressed and purified from the construct pAT2 in the Escherichia coli strain BL21 (DE3) pLysS as described (9) . Briefly, overnight induction was performed in rich Luria-Bertani (LB) broth for unlabeled samples or M9 medium (14) supplemented with trace metals, vitamins and 2 g͞liter 15 NH 4 (SO 4 ) 2 and 3 g͞liter 13 Clabeled glucose as 15 N and 13 C sources. The protein was extracted by using a freeze-thaw procedure and isolated by ion exchange chromatography. NMR samples were prepared in 100 mM sodium phosphate buffer, pH 7, containing 10% D 2 O, with a protein concentration of Ϸ2-3 mM.
NMR Spectroscopy and Structure Calculations. Binding of Cu(II) to apoCopC was followed through electronic and NMR spectroscopy as previously described (9) . Binding of Cu(I) to apoCopC was followed through NMR spectra. To a 3 mM 13 C͞ 15 N apoCopC sample a stepwise addition of up to 2 equivalents of Cu(I), obtained by reducing a CuSO 4 solution with sodium ascorbate, was done under inert atmosphere and 2D 1 H-15 N heteronuclear single quantum coherence (HSQC) spectra were acquired for each addition.
Reoxidation of the Cu(I)-CopC sample was carried out by adding H 2 O 2 . The concentration of H 2 O 2 was determined spectrophotometrically at 240 nm by using an extinction coefficient of 39.4 M Ϫ1 ⅐cm was carried out by addition of ascorbate in stoichiometric amounts under inert atmosphere.
The NMR spectra for resonance assignment and structure determination were acquired on 13 
C͞
15 N-enriched CopC, loaded with one equivalent of Cu(I) (Cu(I)-CopC hereafter) and are summarized in Table 2 , which is published as supporting information on the PNAS web site, www.pnas.org. All of these experiments were recorded on a Bruker DRX 500 spectrometer operating at a proton nominal frequency of 500.13 MHz and equipped with a cryoprobe, with the exception of 2D and 3D 13 C-and 15 N-edited NOESY maps, which were recorded on a Ultra Shield 700 spectrometer operating at 700.13 MHz, by using a triple resonance probe equipped with pulsed field gradients along the xyz-axes. All 3D and 2D spectra were collected at 298 K, processed by using the standard Bruker software (XWINNMR) and analyzed with XEASY (16) . NOESY maps were also collected at 313 K.
Distance constraints for structure determination were obtained by converting nuclear Overhauser effect (NOE) crosspeak intensities from 3D and 2D NOESY maps into upper distance limits of interproton distances with the program CALIBA (17) . Stereospecific assignments of diastereotopic protons have been obtained by the analysis of the HNHB experiment (18) and through the program GLOMSA (17) . 3 J HNH␣ coupling constants were determined through the HNHA experiment and transformed into backbone dihedral angles through the Karplus equation (19) . Backbone dihedral angles for residue (i-1) were also determined from the ratio of the intensities of the d H␣HN (i-1,i) and d H␣HN (i,i) NOEs. 1 torsion angle constraints were determined from the HNHB experiment as reported (18) . Hydrogen bond constraints were obtained by using a TROSY version of the long-range HNCO experiment (20) and used as structural constraints.
The secondary structure elements were determined on the basis of the chemical shift index (21) , of the 3 J HNH␣ coupling constants and of the backbone NOEs.
Structure calculations were performed through iterative cycles of DYANA (22) . The program CORMA (23) was used to check that all of the cross-peaks expected on the basis of the structure were assigned and that no observed NOE (above the noise level) was left unassigned.
The 35 conformers with the lowest target function constitute the final family. REM was then applied to each member of the family by using the AMBER 6 package (24). The NOE and torsion angle constraints were applied with force constants of 50 kcal⅐mol Ϫ1 ⅐Å Ϫ2 and 32 kcal⅐mol Ϫ1 ⅐rad
Ϫ2
, respectively. The quality of the structures was evaluated by using the program PROCHECK-NMR (25) . Experimental restraints were analyzed by using the program AQUA (25, 26) . Structure calculations were run on a Linux processor cluster.
Relaxation experiments were performed on 15 N labeled Cu(I)-CopC. Data were collected on Bruker Avance 600 spectrometer, operating at proton nominal frequency of 600.13 MHz. A triple resonance probe equipped with pulsed field gradients along the z axis was used. The 15 N backbone relaxation rates, R 1 and R 2 , were measured as described (27) . R 2 were also measured with longer refocusing times ( CPMG ) to determine the occurrence of exchange processes (27, 28) . The overall rotational correlation time m value and the rotational diffusion tensor were estimated from the R 2 ͞R 1 ratio with the program QUADRICDIFFUSION (29, 30) , by using the 3D structure of Cu(I)-CopC.
X-Ray Absorption Spectroscopy (XAS) Data Collection and Analysis.
For XAS measurements, two samples were prepared under nitrogen atmosphere immediately before recording the spectra. To two 3.0 mM apoCopC solutions in 100 mM phosphate buffer at pH 7.0, one equivalent each of Cu(II) (as CuSO 4 ) was added. In one of the samples, Cu(II) was reduced by addition of one equivalent of sodium ascorbate. The two protein samples were prepared, always under inert atmosphere, in plastic cells covered with Kapton windows. The sample cells were then mounted in a two-stage Displex cryostat (modified Oxford instruments) and kept at 20 K during data collection.
XAS data were collected at Deutsches Elektronen Synchrotron (DESY, Hamburg, Germany) at the European Molecular Biology Laboratory bending magnet beam line D2 by using a Si (111) double monochromator for the measurement at the copper edge, with the DESY storage ring operating under normal conditions (4.5 GeV, 90-140 mA). Ionization chambers in front and behind the sample were used to monitor the beam intensity.
The XAS data were recorded by measuring the Cu-K␣ fluorescence by using a Canberra 13-element solid-state detector over the energy range from 8,735 to 9,875 eV by using variable energy step widths. In the x-ray absorption near-edge structure and EXAFS regions steps of 0.3 and 0.5-1.2 eV were used, respectively. An absolute energy calibration of the spectra was obtained by following a reported procedure (31). Ten and six scans were recorded for Cu(II)-CopC and Cu(I)-CopC, respectively, for a total of more than 1.0 and 0.6 million counts per experimental point. The scans were then averaged to obtain good signal-to-noise statistics. Data reduction to extract the EXAFS spectrum was based on standard procedures and performed with a local set of programs (32) . The full, k 3 weighted, EXAFS spectra (17-750 eV above E 0 ) and their Fourier transforms (FT) calculated over the range 3.0-14.0 Å Ϫ1 have been compared with theoretical simulations obtained by using the rapid curved multiple scattering theory implemented in the set of programs EXCURVE9.20 (33) . The data analysis was carried out by using published protocols (34, 35) .
The quality of the fit was assessed by the fit function through the parameter 2 , which accounts for the degree of over determinacy (36) and by the R factor as defined within EXCURVE9.20 (33) .
Results

XAS Spectra Analysis.
To characterize the potential metal binding sites in CopC, x-ray absorption near-end structure and EXAFS spectra were recorded on protein samples with one equivalent of Cu(II) and after its reduction to Cu(I). Fig. 1 shows the edge region of Cu(II)-CopC and Cu(I)-CopC where the changes in the edge energy and shape clearly identify the two different copper oxidation states. The preedge and edge absorptions of Cu(II) and Cu(I) compounds are known to be related to the coordination geometry of the metal environment (37) (38) (39) . The preedge region at Ϸ8,980 eV in Cu(II) complexes shows a characteristic absorption caused by electronic transitions between the 1s and empty 3d atomic orbitals whose intensity is proportional to the deviation from centrosimmetry of the Cu(II) coordination geometry (37, 40) . In Cu(II)-CopC (Fig. 1, solid  line) , the 1s-3d preedge is essentially absent, indicating a nearly centrosymmetrical coordination environment for Cu(II) bound to CopC. Cu(I)-CopC shows the characteristic edge of Cu(I) compounds (Fig. 1, open circles) , with the typical absorption at 8,984.5 eV, assigned to a 1s 3 4p absorption (38) . A number of studies have shown that the Cu(I) coordination number and͞or geometry are correlated with the intensity of this transition (38, 39) . The height of the 1s-4p transition present in the edge of the Cu(I)-CopC spectrum suggests 3-or 4-coordination for Cu(I) (39, 41) .
The k 3 weighted EXAFS spectra and the respective Fourier transforms for the two samples superimposed with the best fits (open circles) from theoretical simulations are shown in Fig. 2 ; the parameters obtained from these fits are reported in Table 1 .
The EXAFS spectrum of Cu(II)-CopC (Fig. 2 A) shows the typical camelback features of the oscillations, revealing histidine binding to the metal ion. This is reflected by the outer shell peaks at Ϸ3.0 and 4.2 Å present in the FT because of the histidine carbon backscattering. The fitting of the spectrum reveals that the Cu(II) ion is bound to two His at 1.99 Å and two other O͞N ligands at 1.97 Å. Addition of two further O͞N ligands at 2.83 Å improves the fit of the spectrum by 6% bringing the R factor to 0.34. The Cu(II) location within the frame of the apoprotein structure was already determined through NMR titrations (9) . The present EXAFS data indicates that the two His (1 and 91) occupy two equatorial positions. Two other equatorial ligands are probably oxygen atoms from the carboxylate groups of Asp or Glu residues, in view of the quite short coordination distance found. An apical position is taken by one water molecule, which was already observed through water relaxation measurements (9) . Finally, we may note that Lys-3 is close to the Cu(II) binding site, but no further info is available for it. A tetragonal arrangement is consistent with the EPR data (9). This copper binding site is called from now on the A site.
The EXAFS spectrum of Cu(I)-CopC is indicative of a completely different coordination sphere (Fig. 2C) . The EXAFS and the FT of Cu(I)-CopC are well reproduced by a coordination polyhedron constituted by two or three S atoms at 2.30 Å and one His nitrogen at 1.95 Å. The fit of these data shows unequivocally the presence of sulfur in the first coordination shell of the Cu(I) ion. The quality of the fit is slightly better if three instead of two sulfur atoms are at a distance of 2.30 Å, typical of 3-4-coordinated Cu(I) complexes (38, 39) . By inspection of the apoCopC structure, a region located in the loop between strands ␤3 and ␤4a and containing four Met residues (40, 43, 46, 51) and one His (His-48) is present at the C-terminal end of the ␤-barrel. Three of these four Met residues might be the ligands of Cu(I) together with His-48. This site is called B site.
Structural and Dynamical Characterization of Cu(I)-CopC in Solu-
tion. Addition of one equivalent of Cu(I) to apoCopC produces some spectral changes which are essentially localized in the B Table 3 , which is published as supporting information on the PNAS web site. Scalar correlation spectra and NOESY maps of apo-and Cu(I)-CopC show very similar patterns with a few changes in shifts and an increased number of NOEs around the B site in the latter system (Fig. 5 A and B, which is published as supporting information on the PNAS web site). From chemical shift index analysis and 1 H-1 H connectivities, it can be seen that the secondary structure elements, i.e., ␤-strands arranged in a ␤-barrel fold, are completely maintained. The 2D and 3D NOESY spectra provide 1,464 meaningful 1 H-1 H distances (listed in Table 4 , which is published as supporting information on the PNAS web site) and 51 stereospecific assignments (Table 5 , which is published as supporting information on the PNAS web site) which, together with 129 dihedral angle ( Table 6 , which is published as supporting information on the PNAS web site) and 34 hydrogen bond constraints (Table 7 , which is published as supporting information on the PNAS web site), allowed us to calculate the solution of the Cu(I)-CopC protein. A statistical analysis of the structure is reported in Table 8 , which is published as supporting information on the PNAS web site. In Fig. 3A, a 35 conformer family of Cu(I)-CopC is represented as a tube, whose radius is proportional to the backbone rms deviation (rmsd) of each residue (Fig. 6 , which is published as supporting information on the PNAS web site). It can be seen that the structure is very well defined, with a slight increase in disorder in two loops connecting ␤-strands. In Fig. 3B , the mean energy minimized structures of Cu(I)-and apo-CopC are superimposed. The global backbone rmsd between Cu(I)-and apo-CopC structures is 2.1 Å. The region where the two structures differ more than the structural resolution (i.e., the rmsd between the two mean minimized structures is larger than the sum of rmsd of each family, as shown in Fig. 5C ) involves the loop between strands ␤3 (residues 35-43) and ␤4a (residues 51-53) (see Fig. 3B ). This loop is protruded toward the solvent to a different extent for the two systems. Four Met residues (i.e., 40, 43, 46, and 51), which are potential Cu(I) ligands, are located in this region. Met-40 and -51 are on two different antiparallel ␤-strands and are facing each other. Met-43 is found at the end of strand ␤4a, where residues 41 and 42 form a ␤-bulge with Thr-78 on strand ␤6, which is in turn stabilized by a hydrogen bond between the OH group of the conserved Tyr-79 and the backbone of Thr-75. Met-46 is located at the extreme end of the loop which is very exposed to the solvent. Finally, His-48 is found in front of Met-43. Thus, three of five potential Cu(I) binding residues of site B, i.e., Met-40, -43, and -51, are constrained to some extent by the secondary structure in this region. The ring of His-48 is very close to this cluster of three Met residues, as supported by several NOEs of its ring proton H␦2. The EXAFS and NMR data point at His-48 as a metal ligand together with three of four Met residues.
In the attempt to identify the Met residue not involved in Cu(I) coordination we have performed four different structure calculations by linking the copper atom to the ring of His-48 (without selecting N or N␦ coordination) and to three of four sulfur atoms of Met residues, excluding one Met at a time. Slightly better results in terms of target function are obtained when Met-46 is excluded (0.7 Å 2 with respect to an average value of 1.0 Å 2 in the other cases); however, the rmsd values between the mean structures obtained in each of these calculations and the mean structure calculated without any links to the copper are lower than the sum of rmsd of the families. This indicates that, with the present structure resolution, it is not possible to rule out one of the four possible combinations of ligands. In Fig. 3C the structure obtained when Met-46 is excluded is compared with the structure of Cu(I)-CopC obtained without any links to the metal. It is evident that the two structures are essentially identical and that the metal binding site is formed by experimental structural constraints without the need of the links to copper. In all cases the four donor atoms are found in a roughly tetrahedral geometry around the metal ion. Moreover, a very low solvent accessibility of copper in all cases indicates that the three Met ligands and His-48 provide a protective environment for the Cu(I) ion.
From the ratio between the transverse and longitudinal the ligands of the A site of another molecule in a head-tail type of interaction, either as discrete dimers or in a polymer fashion. The presence of aggregation is also supported by the behavior with temperature: at 313 K, the m values of apo and Cu(I)-CopC are the same, indicating a monomeric state.
Reversibility of the Oxidation-Dependent Copper Binding. From all these data it appears that two distinct copper-binding sites are present in the protein and that they are highly specific for the oxidation state. We have confirmed this result by characterizing the reduction of the Cu(II)-CopC sample and the oxidation of the Cu(I)-CopC sample, through 1 H-15 N HSQC spectra. If the reducing agent is progressively added stepwise to a Cu(II)-CopC sample, we observe in the NMR spectra: (i) the reappearance of signals which were undetectable in the Cu(II)-CopC sample; (ii) the recovery of intensity for those cross-peaks that experience different shifts in the Cu(II)-CopC sample; (iii) a progressive variation in shift for residues at the B site giving rise, at the end of the titration, to a 1 H- 15 N HSQC spectrum superimposable to that of the Cu(I)-CopC sample. These spectral changes are mapped in a schematic representation on the structure of apoCopC (Fig. 4) . The reoxidation of the sample was carried out by adding These results indicate that the copper ion migrates from site A to B and vice versa on change in its redox state, and that the A and B metal binding sites have very high specificity for Cu(II) and Cu(I), respectively, being their affinity constants strongly dependent on the copper oxidation state.
Analysis of the NMR spectra of a solution containing CopC and both one equivalent of Cu(I) and one of Cu(II) shows that the protein is able to bind simultaneously Cu(II) at the A site and Cu(I) at the B site. Indeed, the final HSQC spectrum displays the sum of spectral changes observed in the spectra of Cu(I)-and Cu(II)-CopC. The same sample can be obtained by adding one equivalent of ascorbate to Cu(II) 2 -CopC or one equivalent of H 2 O 2 to Cu(I) 2 -CopC.
Discussion
The present characterization points to a very peculiar and unprecedented behavior of the interaction of copper with the protein CopC. This protein has two completely distinct copper binding sites Ϸ30 Å apart. They seem specifically designed to selectively bind two copper ions, one in the reduced state and the other in the oxidized one. Cu(I) is bound to three sulfur atoms from Met residues and a histidyl nitrogen in a tetrahedral geometry (site B). The Cu(II) site can be classified as type II, with a tetragonal ligand environment including residues His-1, Glu-27, Asp-89, and His-91, and an apical position occupied by a water molecule (site A). Both sites represent novel copper binding sites in proteins, as confirmed by a search in the Scripps Metalloprotein Database (www.scripps.edu͞research͞metallo͞).
Although redox-dependent changes of copper coordination in proteins have been reported so far (43) (44) (45) , this is the first case, to our knowledge, that two distinct binding sites are found for the two copper oxidation states in the same protein. The evidence that CopC can be either simultaneously loaded with Cu(I) and Cu(II) or with one copper ion in either site suggests that no cooperativity is present between the two sites. Besides differences in copper coordination, the two binding sites in CopC provide two different types of potential molecular recognition and interaction patterns: site A is highly charged and would prefer an electrostatic type of interaction, at variance with site B, at the other end of the ␤-barrel, which is essentially neutral and could interact with other Met-rich domains.
CopC is encoded in the cop operon; the complete operon CopABCD, with the regulatory genes CopRS, provides resistance to increased extra cellular copper through an accumulation mechanism (4) . It has been shown that the function of all these proteins is tightly connected and all are involved in copper homeostasis (4). CopA and CopB encode, respectively, a 72-kDa periplasmic protein binding 11 copper atoms and a 39-kDa outer membrane protein of unknown copper binding capacity. CopA is homologous to the multicopper oxidase CueO from E. coli, whose crystal structure (PDB ID 1KV7) was recently solved 15 N HSQC spectra of apoCopC on addition of one equivalent of Cu(II) (A) and, on the latter adduct, of half (B) and one (C) equivalent of ascorbate are mapped on the apoCopC structure (9). Residues whose amide 1 H-15 N cross-peaks are broadened beyond detection are represented as red spheres. Pink spheres indicate residues whose signals experience slow exchange between the Cu(II) and the Cu(I) forms, giving rise to two sets with half intensity at 0.5 equivalent of ascorbate (B). Residues experiencing shift changes are shown as blue spheres whose radius is proportional to the shift change. The N atoms of proline residues are represented as yellow spheres. (46) , and contains a large number of motifs rich in Met, His, and Asp. In particular, CopC and CopA share the MX 2 MXHX 2 M motif, which is now found to bind preferentially Cu(I). A few proposals have been suggested for the specific role of CopC in partnership with CopA, which might imply a metaltransfer function, an electron-transfer function or both (10) . In the latter hypothesis, CopC and CopA may function together in copper resistance with CopA oxidizing Cu(I) bound to CopC to the less toxic Cu(II) form, as supported by genetic studies on the two homologues of these proteins from E. coli (47, 48) . Alternatively, copper delivered by CopC to CopA could catalyze the oxidase activity of CopA, as suggested by the copper-inducible oxidation of siderophores by CueO in E. coli (49) .
The outer membrane protein CopB is likely involved in copper efflux from the cell and has 5 repeats of the sequence DHSXMX 2 M as potential copper binding motifs. Either CopA or CopC can deliver Cu(I) to CopB by docking of the Met-rich regions, shared by all these proteins.
CopD is a 33-kDa and inner membrane protein containing several predicted transmembrane regions and some conserved His residues, but no Met-rich motifs.
In proteins homologous to CopC from Gram-positive bacteria, which lack a periplasmic space, and in some chromosomal copies of Gram-negative bacteria the Met-rich region is absent, as already pointed out (9) , and the neighbor CopA and CopB genes are also missing. On the contrary, CopC is always found next to CopD, and Cu(II) binding residues are highly conserved in CopC-like sequences (9) . Expression of CopC and CopD together increased sensitivity to copper and increased copper uptake, which was not seen when only CopC or CopD were expressed (50) . Interestingly, Gram-positive bacteria express a CopCD fusion protein (9) , providing an intriguing clue that CopC may functionally and directly interact with CopD to facilitate Cu(II) transfer, perhaps ensuring that copper essential for cellular function reaches the cytoplasm while CopA and B sequester and͞or export the excess (51) . CopC may act as a molecular switch between these two different pathways depending on the redox state of copper.
Still, the process of copper translocation might occur in a different manner if trafficking pathways of Cu(I) and Cu(II) intersect. Within this frame, we may speculate that the water molecule interacting with the solvent accessible Cu(II) ion in site A can be displaced by Met residues, either from CopA, CopB or from site B of a second CopC molecule in a head-tail interaction, but that only copper reduction triggers metal transfer to the new Met-rich site, having higher affinity for Cu(I). If the two sites with different affinity for the two redox states of copper are nearby, the mechanism of copper release and uptake occurs in a protective local environment, reminiscent of that of metallochaperones (52, 53) , ensuring a safer metal transfer in the periplasmic space.
In eukaryotes, Cu(II) is reduced before entering the cell (54). The one-electron reduction of Cu(II) would strongly facilitate the displacement of the ligands to which the Cu(II) ion is bound, making the metal available for transport across the plasma membrane. Then, a widely conserved family of high affinity copper transport proteins (CTR proteins) mediates copper uptake at the plasma membrane (13) . Interestingly, CTR proteins contain a series of clustered Met residues arranged as [M(X) n M] m motifs similar to those found in some members of the bacterial cop operon. Finally, from a genome-wide analysis of protein sequences it can be noted that [M(X) n M] m motifs are present in all eukaryotic genomes.
The present results on CopC may suggest a more general mechanism of copper trafficking triggered by redox-dependent coordination properties of the metal, already exploited in artificial molecular machines (55) .
